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\“IBRATIONAL SPEClllOSCOPIC [NVESTIGATIONS OF SHC)CK-CONIPRESSED
LIQUID NITROGEN AND SHOCK-COMPRESSED LIQUID XITROMETHANE “

D. S. Moore and S. C. Schmidt

Los Alamos National Laboratory

Los A]amos, Sew !Uexico 87545

i’lbrational spectra of Iiquld rrl!rogen and Ilqud nitrometharw shock compr~ser,i 10

several high pressure/high temperature slates were recorded using single-pulse multiplex

coherent arrh-Stok~ Raman scalterrng. Vibrational frequencies were exlracted from the

data bv computer spectral simulation trxhniques. Vibrational frequencies of Iiquld

rutrogen were found to increase monotonically up to -175 CPa single shock and -30 GPa

double shock and then to decrease with funher increases in pressure The conseqr.wnce of

the decwasc m vhational freque~cv on the Gruneisen mode gamma and its eff~t on the

S2 quatlon-ot-st~te rs discussed. A mwdel is develuped that includes [he thermallv-

r\cItd v] brationdl state trinsltions in the synthcwizd sp=tral fits of the rrltromethaiw

CARS dtrfa, The adequacy of the mmlel Ior interpretation of CARS sprxtra in both

ambient and shcck<ompr~ed rumomethane rs discus+d.

lNTRODL~lOhJ

!Sltro~en IS a relatlv~lv simple and stable diatomic

nmlwuk thdi has been studIrd over d wide range of pressure
,Ind temperatur~ IWsently, there is renewed interest in ~his
m,ttenal, esptwlallv In the planetary sciences and in

~hvmlcai explosives technology, because of the unuw.ral effect
Illgk pressure and Iemperahlre have on Its physical and
~hrmlc~l properlws. Eqr.ratwrr-of .state dnd themmdynamlc
(i,IM have been obtained for nilrogen at presaum up to 133
( ;I’,i and It,mperaturvs 10 Iyorrd I(),(MM K using both stattcl”ti

,Ind dvnamlc’ -11 comprmsmn Iechniqucs “I?me
mt%-rw.rrrments hdvt= lwn l“ompl~mwr(d by cakulallons for
t+,~th Ih# \UlId12-14 and thdll,is-zl pham The shock
1lug[ml{~t of liquid rutmgen exhibits ●n Inmeaae In
(,)l~l}lr~.~~ll>llltv above 30 C,Pd and 7(XM K thal has hen

,Iitrlkwled IU a d~sociatlve phase Transition. lo,l~,lg~~ :3
\Iu,h r~went experimental work has att~mpted to observe

wwh a phmc Irarmtlon direct ly,24,23 .)r to provide further
hulk !v[~~rty nr molecular level twidence (cr such ● phmc

Ir,lnsllmn. ‘e” The investlKatlon reportwf on her#7 exhmds
Ihr prmmm ~mf h.mprratun range of the mensurrd fluid
nltro::en vltwaillmal frmpwnt.v (-lowr 10 Ihe trmwltlun region
In (1.dw 10 provldc mtjlucwl+r Irwel (Malls about the
I,,,tl,nvli.r ,\I this Intrrmting m~lerial Nitromelhan# is ts

lwl,lt,lvpl~-al h(mm~rnr,ms hlKh ●xplodve As w,:h, II has
rvl rlrvtf ~~ltlsd~ral~l~ .Itlrntl(>n from # vnrmty 11[rrsraruhr!rs

——. .

.\%I,. L }.. rt,, rmml t,!,tlur IIIF AII*pLUSS,,1 Ihv I ‘ ‘, [)r.pltll law Ill !:l\a, f#v

Some reamt progress has berm mode in Ihe elumiation of [he
irrltmlion mechanism,~s,~~ but much rs s!III unknown We
ais~ report here the results of an irrvesllg~tmn into Ihr
behavior of the CN-stretchi~g-mmfe vlbra[mnal Iwquum-y in
shock-compressed liquid nl’iromethane.



Pressures, Lie,lsl[ies, and tempera[urcs for the slnglv- and

LILIutIly - sh~-ktd re~L1ns of X2 were cakwlated using an

et fec[lve spherical poten(ial that has been shown to

JCcuratelv reprcduce both non-s phencal ITILlb.3J]dr Civnamlcs

slmulatmns and experimental Hugon]ot and brightness

lemnerature data 17”19 ~>uhlv-shLlckmj stat= were inferred

from Impedance m~tchlnq O( [he X2 shak, at the measured

shcx-k velixlty, refl~tmg off the know-n window material

~ssummg the themetlcal equatmn of state for nitrogen The

equatlcm-ot-state parametem for the quartz and Ilthium

tluonde windows are from publ~hd data. m The effect of

the choice of potential was Irrvmtigatd by calculating

prmsures, denslti~ and temperature using Ross and Ree’s

corresponding statm potential. 16 Ttme calculations rewlhxf

In very slrrular pressur~ and dcnsiti~, but wth an upward

temperature shift of -10%. The shcuk pressures in CH N02
~1 andwere referred ,asu-ig standard data rwductlon techruqum

published shock-veloci!y/ partlclt+veloclty data,30

CAR532 is a parametric proress in which three wavm,

[WCI at a pump frequency, (~ ad one at a Stokm frequency,

oS, are mud in a sample to produce a coherent beam at the

anti-Stoka frequency, U)U = 2% - CU3. The effimency of lb

mming is grently enhancd if the frmplency difference ~ -

WScolndd~ with the frequency @j of a Raman active mde of

the mmple. The lntermty of [he beam ai WU IS given by

1- .,. ,1, . ,1, . ,4

1
2 pk

x–- ‘“

‘ )]‘ ( )2+’: ‘“W,-op+o.),

ivh,,rr [p ,Irrd I< ,Iro the lntr~li,nt lnt~nili[m [If the pump and

Phase matching W- experimentally optimiz~d in [he

ambient sample for the focusing conditions usd The

dispersion in the sample was asaumtxi to linearly Kale with

the irwreaw in refractive Irdex due to volume comprmdon.33

[.in?ar waling of the dfiperwon resulh in the sarme phaae-

matching angle at all rompr~ions The scaled refmctive

lndi~m were ak U4 In the Iaal field correction term-w of
Equation (l).

Vibrational frequencies were all calibrated ( ~1 tm”l)

using v-mm w-avmumbem of atomk tm-dsaion lin~ obtaintd

from slandard callbraHon la]nps, The spectral Instrument

function O( the CARS spectrometer/photmilode array wm

mezsurecl using ●ither an atomk emh.skm Ilne or by extrartlrm

from the ambient Itquld mtrogen transition. The later

method has the advantage of including the ~~ral profile

0[ It!e pump hwr, TM ~ured hwtrurrwmt fu)wtlon w.* I

then convoluted wl(h the synthmued CARS spxtra to give

\pctra that L.Ollld k dlmcllv L’OI?_Ipar!Xf wltll tile

cxperlmwr!al Ata.

I{ E5ULTS AND IMSUSSION F(JII NmROGEN
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lqCURE 1. REPR12jEWATrVE CARS SPEC171A OF SHOCK-COMP1lESSED N2

(fundamental tranmlion and hot bands from the sLngly -

shnukd fluid. Etwaus.e urrshmked Ilquld N~ haa ● very

narrow Ilnewldth (0,029 cm-l HWl{M”) compared to a

width uf several wavrnumbers for the Omck<ompti

IIUKI. two dif(icrJIIIH were found At ihe laocr Intensities

uwd to prrxiuce CAR5 Lnthe shock<om W N2 th CA=
rpr~ms wther couh.i lM e~ily ~turated 5 Ieadlng to ●n

Incrcas.e m thr apparent Ik-wwidth of the ●mbient N2, or

could rmult m large ●nough dgrula from the ambient N2 to

IL,cally saturalr the de(mtor,

[f Ihc shah wave reached ●nd retkted (mm the mar

wIt-nicJw, both lh- singly- srul dcmbly-shti reglono in the

wmplc were Intmmrgated by Ihe Iruklent b beamo. “W

rmul~nl s~tra, sindlar to th~ d~pkled by SOlkf curvm In

l’l~s, I b, Ic, and Id, consiatd of Iwo ptial.ly overlapped

:>mgrmalons U( traruiticma miolng from the two interrogated

r?gk~ns Fig lb illutrotcg the c- for whkh the Ibmo have

not broaderwd WJ({kkfIt[y to obcure th~ hdlvbdr.d peak oi

lh~ two p-ogmrnlorw At hlKher shak prmaurm and

tvn.~wrmtur~, the Iiniw hrwdcn cnnsh.kmtrly (Fig lr) and It

is ~iiffl(-ult tu dL~tln~wish the twu pmgrmrnloru without a

~~lrai ?lmulml!t~n ~lgure Id b similar 10 the case uf FIR. Ic,

rt~r}~t with a Inu{h pm)rm sigrulto-nok ratio Ilre rmults

ill [hr s~!ral simulations tldng Fq ( I ) are shown In FIR I by

thr {Iashd mrvm llw silnulailons ●wume that [hr

lllwwdth~ t) I thr tundaowntd ●m! lmt hmnds .irr thr +am~

for a given shuk presoure.

At the highest pr~urea Lnvmtigated, the sample

apv~r~ to k I gr~y-kdy ernltter. In the experiments nc,lr
21 CPa, photomultlpl!ers monitoring the emission of the

wmpl~ ●t ~ nm ●nd ●t SKI nm rmorrki dsethrm of the

emisolon of several tens of ns. Slgnitlcantly higher single-

shock prmaures rmltd h-Imuch faatel r-k tire. In

addllion, CARS slgnala &me very difficult to observe ●t

the higher prmaur~ The difficulty twcame m~~lly ac-ute

after Ihe shock had reuhed the window, By adjusting the

liming to Intenllorully leave the shtxk short of the window

when the CAR5 s~hn were taken, data were MJccewfL,lly

rtiordd near 21 CPM, A[tmnpts to rword CAR5 spectra

~buve 22 (;Pa (single shwk) IMvc not y~ bew~ succ~ful,

Figure ? shows the Raman shifts extractd (mm the

c.AKS speclra (ualng Equation (l)) O( sh~k-comprti N2

vemug reducd density for (he furuiamental and okrvrd ht)t

band tmrultiotu. [n the singly Shockd material, there Is d

monotonir Increaw of the vibratlorul frquency with

Inrrwming derully or preaaure tip to a comprm.don (}f 2,21 ([lr J

prmsure of 175 (;l)a) A(n)vc Ihls density th~ (rpqu?ni~ no

I(lngcr incrrases, and appram III twRin to d~rrmc l“he

vi brmti(~nal frquencv in the dtmbly~hiwkd mstertal

(whose I?mperaturr I,! lower than ●ingly.shockrd matrrial IJl

lh~ UIIW dVIMIIy) sh(lws ~lmilar hrhavlorr h]t ~hr rrvvrwl



L}ccurs at higher denjltlti c~r prtisures. [t IS Intcrfilmg to nL~te

the cttect ot temperature m these d~ta. \\’hen the flud IX.

<Inglv or dOLlh]V sh~xked to the same Citmsltv, !he dlf(t’rence

In mmsurwi Rwnan shift E due to the effects c,f Temperature

~~n the potential and on thk portion of the potenllal sampled

,~n ,]verage \\’lth:n the prec~lon of (he data, [he

anharmonlcitv O( Lhe In(ramolwuldr potential appears to be

(L~nst~nt for all pressures and M the same as that expected

from gas. phdse data.

Static high pressure measurements of vlbra~lonal
*4,25 ~d ~lid hydrogenfrequena~ m sohd mtrogen- 3 show a

~lmllar reversal In the dependence of Raman shift with

Increasing ~rmsure. Inltlal explanar]ons of thLs effect

mv lkLd a change m the mc!ecdar t?k?ctronlc stmcture at the

highest denslties,25 !?~rnt isoIcrpIc Ini-xrure studies indicate

~hat the reve=l ir the frequency sl)lft in the molecular

solids at high deruilkv is most bkelv due to resomnt

,nteractmns (i.e. dynarmc couplings between moleculm)M

Although 1- t’,~~ experimen~ Lle ~mple remains a fluid,

slmdar dvnm-ruc couplings mav emt and m~v explain the

reversal. Nrverthelew, there still may be a temperature and

density jependent alteration of the electronic structure in the

Ilu Id at the conditions encountered here. Alternatively, the

wnizatwn/c.lmcmatlon mechanism propoti to explain ~he

writenlng of the Hugomot 10,26 my Fe p~ucing a sufficient

density of ~h~rged species to affect the forces that influence

the nitrogen vibrational frequency. Further progrcsa toward

l~ientification of ihe operative mechanwm might be gained

using lsotoptc mixture sndi~.

fl,;~” plotted in Fig. 2 are the vibrational frequencf~

p:~lictti bv the pressure/temperature fit 10 the Monte Carlo

simulatlun resul~.21 rhe publ~hed fit was adjustwd, in th~.

I,near term only, .w that the flt ;.nci the measured frequency

tl,?reed ~t our ln]lial corrdllmns Tlw simulation rmultj show

(he correct trend with dermtv up to p/p. -2.23, where they
Irvel off with shock pressure r~ther Ihan following the data

M II ,ippeam to decrea= the SlmLIfdtlL)rLSmdy be inadequate

JI these prrxur~ and ttimpetatures, hewever, for seven]

r~asons For ex~mple, the nitrogen may Iw dkmcrating,

~hlch M rwt taken mto account in the simulation.

Addltlonal]y, lonw~tlon would Introduce chargm mto the

watcn,ll thfll are not acc:wnted for bv the slmulalmn.
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RESULTS AND DISCUSSION FOR NITROM~HANE

For a polbatumlc mohxule such JS mtromethane, the

llbratlonal spectroscopy M comlderablv more romplicatd

fhan that dl.wwsed above for the diatomlc molecule .N~ At
low temperatures, ordv the wbratlonal fundamentals need &

consdered, leading to”much simplification in the sp~tra In

[t?r cam ot nltrornethane, there are !5 possible vibrational

normal modes, (me of which IS the rwarlv free rotation of the

meth>i ~roup around the CN bond. If the mokule E

wwrned to possess C~v symmetry when factotirtg the secular

quatmn, the normal modes divide mto 5 totally symmetric

(Al ) modes, 5 mm.k parallel to the pbne of the N% (Bi ),

,~nd 4 mlnies perpendicular tG Ihr ,N~ plane (D2), with the

t1>r5:on around C-N being A?. lJbie I lists the literature

trequencws of these vibrations obtained from Rarmwr

•~eCtrOSCOf?V ot the ]lquirl,37.3B As temperature ig ~cre~
even pst to room ttimperawre, the low frequency males start

to become thennallv pnpulabd to a measurable extent. The

nwasured band contour IS not pJst a collisionally-broadensd

TABLE 1. FREQUENCIES, ASSIGNMENTS, DECENERACIES

AND CALCULAITD ANHARh40NlC COEFFICIENTS OF THE

\’l FIRA IION AL MODES OF NITROMETHANE

u, (cm-l) Assignment

———

W-1 Vb % tiNO#

ti)7 VH % mo 2)

h% V* JI NN02)

917 W4 v(m)

IIrwl ’11 k r((.li~

I l% VT J! S,(c’tlj

I4(12 v, *I v\(N02).
14:6 v],) t’l,lq ha((-tij

1%1 V Iy VJ(N02)

. ....— ——— .—-. —-— -. .—-. —.

t

1

1

I

1

2

I

I
~

I

%,k (Clrfl )

-31

4 .1)

4.3

.3

72

4(1

-v 2

JJ3

11)2
.-

.)t_I~]LJ Vibrati~lI_I.1]frfilUenLy, but ~“l>ntdlns L’llntr, hUtl L)m tri}m

h,,[ bands. rmt L>nlv from :he thermal popul.lh m of the level

being probed, but .I!s.o trom the combina:mn b mds ot the

Frtlbed transition tvlth all II’ .wr thermally ptipulJIL)d levels.

l“hLS ~ltuatlon wm.Ild stil, be completely tractable I: al] the

~nllar-moniclly constants, :<Jk, were known In the case L~f

nltrometharw, howev~:, we could find onlv one reli~bl~

,Inh,?rmomclty conC,Jnt involving the vlbratmn ot Inwrest In

th\s wsork, n~me;v the CX streichmg mode, V4.37

In order t I interpret the CARS spectra of shock-

comprcssecl mtromethane correctlv, J model of the

vibrational band contour was devekrpd that Includes the

contributions of the hat hands. The relationship between

CAW intensities and the spontaneous Raman cross section

and W1 rational-level populations can be approximated bv;3~

where h is Planck’s constant, c k the speed of light,

(daidn)l k the spontaneous Raman cros5-section of lhe j 10

k wbrational transition, and Pj and Ilk are the number

densities in vibrational levels j and k, r=pectively. For the

CN-stretching mode transition in nitromethane dixus%ed

here, the j to k transitions all have 3v4 = 1, and the P] nnd pk

are all calculatwi assuming a Boltzmann population

distribution among all the vibrational leveis. A similar

treatment was found to work well for shock-compressmi

liquid nitrogen,~7 “rhe model then assumes that the V4

Raman cro5s section depends on v~ as pracrhed for a

harmonic oscillator, i.c (d~tdf~)v, - :v~ + I ) The cross

5ectlL>n is fu;ther assumed 10 be imiependent of initiJ[ Stab’ vj

when j *4.

“The final step in the mmlel is the determination oi Ihr

frequencies of the possible hot bands that contribute ttl the

contour of the CLN stretching mlxh? Raman spectrum. In the

results presented here, the prewription of previmu w~]rk is

tised,39 whervln [he ~nhdrm(ml~” ~hift for P given vibralimml
~>,lnd IS rm~ortion,ll to the ,lmmlnt ()[ t,lbr,ltlt]n,l! ,vwrgy ;n

Ilw Iowt)r state. I“h.lt IS,

X44 = ‘jv’,p.
XJI=AVI J#4,



wherk W4 u the (undarnmtal frequency of the V4 mode, and

Ek E the degeneracy of mode k,

Th~ model was used to calculate the pmltions and

mtensltl~ ot the hot bands of the CN stretching mode for

ambient nllromethane and several shock< ompr-sed pressure

and [temperature statm of nitromethane. The fi~t

A
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obse~atlorl ~lf nc~te ls the !rnpro~ed lit (It the +vn[ht>!lc ~-;\~&

~pe~tra tLl the am bitint nl~rome[h,lne ~.-\p&~ >pec(rum N hen

using the above model, ,1s IS ~how.n In tl,~re -1 rhe l~:w

frequency su-ie O( the peak B not sa[lstacti)rllv tlt without

~ncluslon of the aval!able hot bands For the CARS sp~-tr,~

of shock-compressed nltromethane, the vlbratl(~nal levels

change with pressure. Sm~e nt~t all the vlbra!lonal

frmluencles were measured in the shot-id rna!enal, thev

were assumed to shltt according to the available static high

premu[e rssults.41 However, since the measured frequencv

shltts In the shock-compressed Ilquld are sllgh[lv smaller

than those measur~ In the static high pressure soild, the

high pressure solid frequencies were all assurr.?d to scale

proportlonailv. The spectral fit of the ShLMk-cOMprt%sed

nitrometharw CAIUSi spectrum m Flg 5A is that given by the

B
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.

Jbovt’ m(del wl[h the .+~sumptm~ that the .lnh.~rrncnlc
i,wtilcent~ d~) n,>t ch~ngt? ~i.lth pressure, The Ilnewldth of the

tr.lnsillLm W,M the ,>nlv varmble ~djustecf f~~rthe ht shown

The shock. tcmpr,lturc ;*JS mken from Ihe Lysne;li~rderty
qu.+[wn ,~t state.~~ There IS something obviously wrong \>Lth

I!’IIS m,~dtil, w’hl,-h m’orbs well fLlr the ambient liqud
t?ltrometharw CARS spectrum, when it M appkf to Ihe

sh,xh-compresxd m ‘ ,nal, even at modest pressures and

temperatu. ?s. The . Aest apprommation In the mo&l IS

that .Jf !he values 01 !he anharmonicltv coeiflcier:s, and the
asumptlon that they do not chmge w;th pressure. Since tht
n~ vlbratlunal frequency Increases wl~h pressure, Indicated a

wtfenmg oi lhe potential for that mo~ion, It might also
become more reslhent to the presence of other therrnalfv

pL1pulat~ v[br~tlonal motions, The consequence of this

picture would be that the otf-cilagonal enharmonic
coeificlents would become small comparti to X44. Figure 5B

shows a synthetic CARS spectrum assuming Xa = O, for js 4,

and only X44 and r are varied for the b~t fit. The quality of
the fil in figure 5B is clearly better than that of 5A. The
value of X44 US~ for 5B is c,sly slightly larger than that U4

for the ambient spectrum. The increase may be indicative of

some softening of Ihe upper portion of the potential weU

wth pressure. This behavior is somewh?t different from

that obsemsd in nwogen,27 but may be due to the different

depths of the wells or the different nature of diatomic

molecules versus polyalomic molecules.

The apparent failure of the simple model presented here

tcI satisfactorily represent the vibrational spectra of shc&-

cnmpr~sed nitromethane suggests that intermolecular

Interactions can affect intramolecular potentials in

sometimes surpr!!ing ways. .Much further experimental work

and substanhal theoretical guidance will be neceswy before

!h~e etfects are fully understmcf.
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